The complete nucleotide sequence of turnip yellow mosaic virus (TYMV) genomic RNA has been determined on a set of overlapping cDNA clones using a sequential sequencing strategy. The RNA is 6318 nucleotides long, excluding the cap structure.The genome organization deduced from the sequence confirms previous results of in vitro translation. A novel open reading frame (ORF) putatively encoding a Pro-rich and very basic 69K (K=kilodalton) protein is detected at the 5' end of the genome. It is initiated at the first AUG codon on the RNA and overlaps the major ORF that encodes the non structural 206K (previously referred to as 195K) protein of TYMV; its function is unknown. Several amino acid consensus sequences already described among plant and animal viruses are also found in the TYMV-encoded polypeptides. A comparison with other viruses whose RNA sequence is known leads to the conclusion that TYMV belongs to the "Sindbis-like" supergroup of viruses and could be related to Semliki forest virus.
INTRODUCTION
Turnip yellow mosaic virus (TYMV), the type member of the tymovirus group of plant viruses, possesses a single-stranded RNA genome of"+" polarity. Its icosahedral particles encapsidate mainly a genomic (2x10 6 d) and a subgenomic (0.25x10 6 d) RNA species [1] [2] [3] . The former contains all the genetic information necessary for virus replication whereas the latter expresses the coat protein (C.P.) gene located in the 3' region of the genome [4] . Translation studies performed in various in vitro systems have already helped in unravelling the general lines of the genome organization of TYMV as well as several strategies of expression used by this virus, such as readthrough of a termination codon and post-translational maturation [5] [6] [7] . TYMV genomic RNA codes in vitro for two overlapping non structural proteins: the 150K (K=kilodalton) and the 206K (previously identified as the 195K) proteins that are initiated at the same AUG in the 5' region of the RNA [8] . Recent observations indicate that the 150K protein could result from co-translational cleavage of the 206K protein (manuscript in preparation) rather than from arrest of translation as previously proposed [7] . This latter protein also undergoes a post-translational cleavage that yields an N-terminal-and a C-terminal-fragment of 120K and 78K respectively; this cleavage appears to be catalyzed by the 206K protein itself [9] . The use of nonsense suppressor tRNAs has shown that the 206K protein is terminated by a UAG codon that can be suppressed in vitro to yield a 221K (previously referred to as 21 OK) protein. The readthrough portion of this protein corresponds to the translation of an open reading frame (ORF) of 420 nucleotides (nt) downstream of the UAG codon and overlaps the C.P. gene [10] . preincubated with 1 ug of primer oligonucleotide (oligo(dT), CAC or GAG, and 235-Bgl2 for the first, the second and the third series of clones respectively) at 50°C for 5 min in 10 u.l of water. Incubations (50 uJ) were performed in 50 mM Tris-HCI (pH 8.3), 8 mM MgCI 2 ,160 mM KCI, 10 mM DTT, 1 mM of each dNTP, whh 30 U of RNAsin and 30 U of AMV reverse transcriptase for 90 min at 37°C or 42°C. Significant increase in the length of the cDNA transcripts was observed at 42°C.
Cloning strategies
Three series of cloning experiments were performed as follows.
The first series of clones were obtained from polyadenylated genomic RNA of TYMV using two procedures. A: the first cDNA strand was primed with oligo(dT) and the RNA-cDNA hybrid was treated with S1 nuclease before direct blunt-end ligation into the Sma1 site of the pUC9 plasmid. B: the first cDNA strand was primed with the pUC9 plasmid itself previously linearized at the Pst1 site , tailed with T residues using the terminal transferase, and hybridized to the polyadenylated TYMV RNA. The complete procedure was as described by Heidecker and Messing [17] and was kindly performed for us by R. Radloff at the Institute of Biochemistry, Wurzburg. The recipient £ coli strain was JM 83. The two procedures gave clones B25, B26, C32, and C37, and R48 and R'89 respectively.
In the second series of clones, non polyadenylated RNA was used as template. The first cDNA strand was primed with one of the two 15mer synthetic oligonucleotides "CAC" or "GAG" that respectively hybridize at positions 5412 to 5398 and 4657 to 4643 on the genome. Second strand synthesis was according to Gubler and Hoffman [18] . After S1 treatment and repair reaction using the Klenow enzyme, the ds cDNA was blunt-end ligated into the Sma1 site of the pEMBL 18+ vector and cloned into JM 101.
Mapping of the clones of this series revealed that priming of the first cDNA strand occurred at other regions than expected on the genome. Clones Ci26, G n 6 , and Giv61 were produced in this series.
The third series of clones involved the priming of the first cDNA strand with the more specific 24mer "235-Bgl2" that hybridizes at positions 4598 to 4575 on the genome. The ds cDNA was synthesized and treated exactly as in the second series of clones except that the vector was pEMBL 19+ and the recipient cell DH5oc. This strain combines both advantages of being deficient for recombination and having a high transformation efficiency (which is not the case of the other rec' strain JM, 109). Clones JC 12, JC 14, JC 15, JC 17 and JC 18 were obtained in this series.
Selection of the clones
Positive clones were detected by colony hybridization with 5'-labelled TYMV RNA. Limited alkaline digestion [19] of the RNA (2 ug) was followed by incubation in the presence of [y- by gel electrophoresis on a 20x16x0.035 cm sequencing slab gel and eluted [20] for use as probe. The positive clones containing the longest inserts (>500bp) were selected after rapid gel analysis [21] .
Determination of the orientation of the insert in single-stranded (ss) DNA constructs was sometimes performed by a rapid hybridization test. Two ssDNAs (50 ng each) are incubated together for 15 min at 70°C in 125 mM NaCI and the sample buffer for agarose DNA gels, and loaded onto an 0.8% agarose minigel. If the two ssDNAs are complementary, a duplex is formed that migrates significantly more slowly than each of the two ssDNAs. Selection of ssDNAs for sequencing was also performed by ddT-screening (see below, sequencing reactions).
DNA preparation
Small or large scale preparations of ds plasmid DNA were performed according to Holmes and Quigley [22] respectively without or with CsCI gradient centrifugation, and were always followed by phenol-chloroform-isoamylalcohol extractions and ethanol precipitation. Small scale preparations of ssDNA from mp phages or pEMBL phagemids were as described by Amersham. Phagemid particles containing pEMBL-type ssDNA were produced upon superinfection by IR1 phage of E. coli JM 101 (2nd series of clones) or JM 109 (third series of clones after transfer from DH5ccto JM 109) strains harbouring these DNAs. Generally 1.5 ml (3 ml in the case of JM 109, other values into brackets are also for the JM109 clones) of a culture having reached an ODg 0u of 0.2 (0.4) were infected with 4 (12) uJ of an IR1 phage stock at about 10 11 pfu/ml. The adequate amount of IR1 phage for superinfection was determined by preliminary tests. The ssDNA thus recovered from 1.5 ml (3 ml) of culture was enough for gel analysis and one or two sequencing experiments.
Sequencing
Except for the first series of clones which were subcloned into mp10 and mp11, all other clones were directly sequenced on the ss form of the pEMBL vector. The dideoxynucleotide sequencing technique was as recommended by the producer. [a-32 P]dCTP (370 KBq) and non radioactive dCTP (2.5 u.M) were used for the 4 reactions of each sequencing experiment. The dNTP/ddNTP ratio was raised 3-fold and 5-fold for the ddG and ddC sequencing reactions respectively because of the very high C content of the TYMV genome. Gel electrophoresis was as recommended by Amersham on 6% acrylamide-bisacrylamide (39:1), 7M urea, 24x44 cm slab gels with a thickness gradient from 0.35 mm at the top to 0.5 mm at the bottom. A 5-mm thick aluminium plate was clipped onto the front glass plate to allow uniform heating of the gel. Routinely, 300 nt could thus be read from a short (1h 45) and a long (5h15) electrophoretic run at 1500 Volts. In some cases the overlap between two clones could only be determined with an extra-long (10h 30) electrophoretic run at 1500 Volts [23] that permitted the reading of a further 150 nt.
Most of the cDNA inserts have been completely sequenced on both strands using the sequential procedure established by Hong [24] and later improved [25] . It involves limited and random dsDNA digestion with DNAsei in the presence of Mn 2+ followed by complete digestion at a unique restriction site (X) close to the priming site for sequencing (Pr-site). After religation, a single transformation experiment leads to the production of a family of deleted clones having in common the extremity of the insert that is distal to the Pr-site. Digestion of the religated DNA prior to this transformation at a second unique restriction site located between X and the insert reduces considerably the inevitable background of non-deleted clones. A rapid analysis of the size of the deleted clones on an 0.8% agarose gel [21] allows them to be ordered according to the extent of the deletion, and to select the overlapping clones from which ssDNA will be prepared and sequenced.
Subcloning experiments
The inserts of the clones obtained in the first series were excised from pUC9 by H i n d n i and EcoR1, eluted from a 1% agarose gel and religated into mp10 and mp11, themselves linearized with the same enzymes.
Some of the clones from the second and the third series were subcloned in the opposite direction After subcloning of the R48 insert into mp11, digestion with Sma1 followed by self-ligation allowed the excision of 257 bp of cDNA corresponding to the 3' end of the genome. Nt 6061 to 5838 could thus be sequenced on the '+' strand of the cDNA .
Avr2 and EcoR1 digestions of clone JC12 followed by ligation into Xba1-and EcoR1-digested PEMBL18+ led to the construct JC12A on which nt 2728 to 2999 were read from the '-' strand.
Nco1 and EcoR1 digestions of clone JC15 followed by fill-in and self-ligation produced JC15A and allowed the sequencing of nt 201 to 64 irom the V strand. JC15A was also subcloned in the opposite direction in pEMBL 18+ (see above) to determine the complementary sequence on the '-' strand (nt 64 to 213).
Various deletions were also obtained from clone R48 by the Bal 31 procedure [26] . The R48 clone was linearized with Hindi n and trimmed with Bal 31. After various incubation times, the size of the DNA was analyzed on an 0.8% agarose minigel; the adequately deleted inserts were excised from the vector by 
Computer analyses
The data were initially compiled and analyzed in terms of coding properties (ORFs) and restriction-site mapping with the help of the UCSD program [27] run on an Apple I i E microcomputer. The final sequence was analyzed in more detail with the multiple functions of the BISANCE program (CITI2, Faculty de M6decine, Paris). In particular, the search for homologies of the 69K protein through the entire protein sequence data bank NBRF was performed with the FASTP program [28] , and alignments using the Kanehisa algorithm [29] .
RESULTS

Sequence determination
The total length of the TYMV genomic RNA except for the 63 nt at the 5' terminus was covered by 
Tzanza are for clones of the first, the second and the third series of cloning experiments respectively. The arrows indicate the regions and orientations of the DNA stretches sequenced.
shown in Figure 1 . Several clones were chimaeric, i.e. composed of two fragments originating from distant regions on the genome (for example G n 6 A and G116B or JC14A and JC14B were parts of the same clones G i 16 or JC14 respectively). This probably results from blunt-end ligation artefacts due to the molar excess of cDNA insert over vector used. The arrows in Figure 1 indicate the stretches of sequence determined on the clones and on the various deletions derived from them as described in Materials and
Methods. The total sequence was determined on both strands of cDNA except for a short region (nt 5855 to 5907) which maps within the C.P. gene and was only sequenced on the '+' (coding) strand. No divergence was observed in that part of the sequence when compared to already published data [12] .
Nucleotide sequence analysis
The complete nt sequence of TYMV genomic RNA and the deduced amino acid sequences are shown in Figure 
Coding regions
The ORFs contained in the TYMV genome are presented schematically in Figure 3 . No ORFs of 
n7GpppGUMDCAACTACCAAUUCCAGCUCUCUUUUGACAACUGGUCUUAUACCGACUUCCGUA«P C T H D S Q P S L S A P D S R I H S G F N S I L D T D L F M V H S E G T S T P 51 L A P T T H R D P S L H P I L E S T V D S I R S S I Q T Y P W S I P H E L L P L 4 9 121 CCUOGCACCCACGACUCACAG«AUCCCOCTCOGCACCCGAUUCUC(^OCCACAGOGGAT Q L L R H P N I W F C H L P P P P R R P Q D H R D F S P L H P L V F P G H H S 9 1 2*1 ACaCAACaCCOACGGCAacCCAACAOCDGGOOOCCCAACCOCCCACCACCCCCACGCCCCCCACAAGACAADCGAGACaDODCnCCailUGCACCCACUGGDCOUUCCAGCCCACCACDCC Q L R H V H E T Q Q V Q Q T C P G I t L K L S G A E E L P P A P Q R Q H S L P L H 131 S S V M F M K P S K F N K L A Q V N S H F H E L K H Y R L H P t l D S T R Y P F T 129 3 GO CAGCOCCGCCAUGUUCAOGAAACCCAGCAAGUUCMCAAACTDGCCCAWOAAACaCAAJ^UOTCGCGJWCT
A
T R P S R F P H H F H A R R P D V L P S V P D H G P V L T E T K P R T S V R Q 7 S P D L P V F P T I F M H D A L H Y Y H P S Q I M D L F L R K P H L E R L Y
Q P T V R R P L L A P N Q F H 5 P R Q P P P L S D D P G I L G P R P L A P H S T 2 5 1 N Q P S D A H S W L R I H S I R L G N H H L S V T I L E S W G P V H S L L I Q R
R T S T G H I P P T T T S R P T G P P S R L Q R P V H L Y O S S P H T P N F R P 3 3 1 E L P Q A T F L O O P L R D R L V P R A V X H A L F T V T R A V R T L R T S D P
3 2 9 9 6 1 CGAACUUCCACAGCCCACAUUCCUCCAACAACCACUUCCACACCGACUGgUCCCCCGAGCCGUCUACAACGCCCUGUUCACCUAUACCAjAGCAGUCCGCACACUCCGAACaUCAGACCC 
H L E R L G Q P A N L R T 5 E R 5 P P T K R R L 3 7 1 A A F V R H H S S K P D H D H V T S H A H D N L O T F A L L N V P L R P H V V Y 3 6 9 1 0 8 1 AGCAGCAUtlCGUAAGGAUGCACaCCUCCAAACCGCACCACGAUUGGGUCACCUCGAACGCCUGGGACAACCUGCAAACCUUCGCACUUCUGAACGUUCCCCUCCGACCAAACGUCGUCUA P R S S E P H R L P K P L P E A T L A P S Y R H R R P Y P L L P N P P A A L P S 4 1 1 H V L Q S P I A S L S L X L R Q H H R R L T A T A V P I L S F L T L L Q R F L P 4 0 9 1 2 0 1 CCACCOUCUUCAGAGCCCAAUCGCCUCCCJAAGCCUUUACCUGAGGCAACAUUGGCGCCGtlCUUACCGCCACCGCCGUCCCUAUCCUCWCCUUCCUAACCCUCCUGCAGCGCUUCCUUCC I A Y T S S R C K I H H S L P K G A L P K E G A P P P P R R L P S P A P R P Q L 4 5 1 L P I P L A C V K S I T A F R R E L Y R K K E P H H P L D V F H L Q H R V R N Y
V L . S V R T E V H A P E R R T F M D P E A L R S A L A S L P S P P R S V G I I H 531 F F R S E Q K S M L P N A E L S W T L K R F A L P W Q A S L V L L A L S E S S I 529
1S61 GUUCUUUCGjUCCCAACAGJAGUCCAUGC^CCCGAACGCJGAACUUUCA^GGACCCUGA^GCGCUUCGC^CtJGCCCUGGJAAGCCUCCCWAGUCCUCCUCGCUCUGUCGGAAUCAUCCAU T A P Q T V L P A N P P S P T R H L P P T S P P W I L Q S P V G E D A I V D S E 5 7 1 1 6 1 1 ACUGCUCCACAAACUGUUCUCCCCGCCAACCCUCCAAGCCCAACACGACACCUACCACCGACAUCUCCACCCUGGAUCCyACAGUCUCCAGUGGGAGAGCACGCCAUUGUCGAUUCCCAC T T A F L P F T P T T S T A P P D R S E A S L P P A F A S T F V P B P P P A A S 609 1101 GACGACAGCAUUUCUUCCUtnJCACUCCCACGACUUCGACAGCCCCUCCGJACCGCUCCGAAGCCAGUCU^CCUCCCGCUUUCGCCUCCACCUUCGUUCCCCGUCCACCUCCAGCGGCAOC I P C A O P P T T T A A P P T P I E P T Q R T H Q H S D L A L E S S T t T S P P 649 1 9 2 1 CAGCCCUGG^CCCAGCCUJCUACGACUAJCGCAGCGCCJCCCACACCG^UUCAACCCA^CCAACGCACCCAUCAAAAUUCUGACCUCGCGCOCGAAAGOUCAACCOCAACCGAACCaCC T P P P I R I P D H T P S A P V L F P E I N S P R R F P P Q L P A T P D L E P A H «l« 2 0 4 1 CCCACCCCCJACCCCADCCJCCCACADGA^GCCCUCCCCJCCCGWCCUO^CCCAGAAAOCAACUCACC^CGUCGUUUUJCCCCCCAAC^UCCCCCCACCCCCCAUCOCCAACC T P P P L I I P H Q D P T D S A D P L M G S H L L H H S L P A P P T H P L P I S 7 2 9 2 1 ( 1 CACUCCACCrcCUCCUUCCAOCCCGCACCMGAUCCGACUGACUCAGCGG^Ô L L P A P L T n D P T A I C P V L P F E E L H P R R Y P E H T A T F L T R L R 7 6 9 2 2 1 1 ACAGCUCUUACCCCCACCU^AACGUCCACCCCACnGCJAUCGGCCCGjDGCDCCCCUUUGAAGAACDJCACCCACGCACGOACCCUGAAAACACCGCJACDDO S L P i H H L P O P T L H C L L I A V S D O T K V S i S H L W E S L Q T I L P D 1 0 9 24 01 UUCACCICCCAOCAAACCAU^CCACAACCCACCUUGMUOGUCTOCUCOCCGCUGOC^l O L I B E E T I l T L G L I T E H L T A L A H L Y H F . Q A T V Y f O l l G P I L F 14 9 2 S 2 1 CAGCCAACUCAGCAAOGAAG/OACCAACAJUCTJCGCGCOOTCAACDGAACACCDCACUG^GUOGCCCCACCUUUACAACWCCAGGCAAC G P I D 7 I K R I D I T H T T C P P S H P I P G K R L L G I Q P 1 A K C H P I 0 119 2 6 4 1 CGGCCCCBCC<UCACCAUCAAOUraPAGACAOCACCCACACCACCGGAgCGCCAOCCCK P L I R A H K l F K V I G S Y L P F * E A H I I H P T l I » H A K » t I * I I M K l l 929 2 7 6 1
CCCACUCADCACAGCCAUCAAGOCOOUCAAACOAOCCCGCAACUACCUOCCCOOCOCOGACCCCCACAACCAUCCCACCOCCADCnCACACGCCAAGAACUUGAgOUCA^6 
H E L H G S Q S M R F H T M E S S I L K S S R I L V I D E I Y K M P R 1049
3 1 2 1 CGAAOGGAAGACAtarGAgGGAACCCCACGGCaCCCAGOCAUGGCGCUaUAJKACOOGGGAGOCUUCCAaDCOCAAGUC^• • • • • • • • • • • G Y L D L S I L A D P A L E L V I I L G D P L Q G E Y H S Q S K D S
G S V S T P H D Q S P V L T N S H A S S L T F H S L G Y R S C T I S S E Q G L T 11S9 3 4 8 1
CGGGDCCGDUOCCACUCCCCAOGAaCAAOCCCCCGOCCOCACCAACAOTCAOGCCOCAUCOCUUACCroCAACAGrc 
V G G T N G S S A M F S D A F N H S L I I M D R Y F P S L F P Q L K L I T S P L 1 2 4 9 3 7 2 1 CCUCOTGGGAACCMCGGCUCOTCCGCCAUCiraaOCCGACWroOCAKAACAGCCTCAOMT T R G P -K L H G A T P S A S P T H R S P N F H L P P H
I P L S Y D R D F V T V 1 2 8 9 3B41 CACAACOCGCGGCCCCAMCDCAACGGGTCCACCCCCAGCGCADCCCCCACCCACCGOaCGCCAAACDUCCACCmJCCCCCACACAOUCCGCOCOCCUAUGAUCGOGAUUUOCUUACGGU « • • • • • • • • • • " N P T L P D Q G P E T R L D T H F L P P S R L P L
S S B Q F P W F D R P F S L S C Q P S S L I S A K H A P N H D P T L L P A S I H09 4201
OCAAOCDAGCAACCAGUUCCCCUGGUaCGACCGACCCDUCAGCCOGUCCUGCCAGCCCUCAAGOCUGAUUDCCGCCAAGCAOGCACCCAACCAOGADCCGACCCDOCUACCGGCCUCCAO
R F R P S D S P H Q I T A D 0 V V L G L Q L F H S L C R A Y 5 R 0 P H S 1 4 4 9 4 321
CAACAAACGCOUGCGADUCAGACCCAGOGACOCACCGCACCAAAOCACCGCGGACGACGOGGCCCOAGGCCUGCAACUCOUOCACnCOCUDUGDCGCGCCDACUCACGUCAACCCAACAC
F N P E L F A E C I S L H E Y A Q L S S K T Q S T I V A H A S R S D P D H 1 4 8 9 4 441
CACCGOOCCAnUCAACCCOGAACUUUUCGCAGAADGCAUCDCOCUGAAOGAGOACGCACAGCUCAGDUCCAAAACCCAADCCACCAOAGUGGCCAACGCDOCACGCDCCGACCCAGAaJG GCtlCCACGDCCACCUCAAGACCAACGDCUCCACCCAGUUCGGCCCCCUCACMGCAUGCGCCUAACCGGGCAACCCGGAACOOACGACGACAACACDGACDAOAACCUCGCAGUCAUCUA
H T T V K I F A K A Q H K V H D G 5 I F G S H K A C Q T L A L H H
• • • • » • • • • • • • 5041 CUCCCAGOAUGACCOCGGaUCCDGCCCCAUCADGGOOOCDGGCGACGACPCACDCAUAGACCACCCCCDUCCCACUCGCCACGACUGGCCAOCCGOUCDCAAACCCCUCCACCUCCGCUU • • • • • • * • • • * * K L E L T S H P L F C G Y Y V G P A G C I R N P L A L F C K L H I A V D D D A L 1 1 2 9 5161 CMKOUGAACDCACCUCUCACCCCCUCUOCUGOGGCOACOACGOCGGUCCAGCCGGCUGCAUCCGCAACCCCCUGGCCCUOUUCUGCAAGCUCAUGAUCGCCGUGGACGACGACGCCCU • • • • • • • • • • • * D D R R L S Y L T E F T T G H L L G E S L W H L L P E T H V Q Y Q S A C F D F F 1 1 6 9 5291 CGACGACCGACGACUCACCUACCDCACCCAGDOCACCACCGGACACCUCCUUGGCGAADCACUGUGGCArCUCCOCCCUGAAACCCAUGWUCAGUAOCAGUCAGCCUCCUUUGACUUCUU • • • • • • • • • • • •
C R R C P R H E K K L L D D S T P A L S L L E R I T S S P R M L T K H A H Y L L 1B09 5401
C«GCAGCCGG0CCCCAAGACACGAGAAAAOCCUCCUCGACGACDCCACACCCGCACUCAGCCt!CCOCGAACGAAUCACUUCUUCGCCCAGCUGCCUCACCAAAAAUGCCAUGUACCUC.
-U P A R L R L A I T S L S O T Q S F P E S I E V S H A E S E L L H Y V O ' Q S A P 2 2 1 K n 5521
CCCUGCCAACCOACGACDGGCCAUCACCUCOCDAUCnCAAACGCAGOCCnUCCCAGAADCCAUCGAGGUOnCCCACGCDGAGDCOGAADOGCUUCACUACGUCCAADAGCAAUCAGCCCC
L F A G 1 K D A E A S L 7 I A H I D 5 V S T L T T F Y R H A 5 L E S L H V T I H 19 T L L E P K M P R L L S P S P T S T A F P P S P P S 7 V M H L W N H S G S L S I 84 5761
CDAUUUGCUGGAACCAAAGAUGCCGAGGCUDCgctJCACCAUCGCCAJ^AOCGACAGCGOUDCCACCCOCACCACCDUCUACCGDCADGCAUCOCOGCAAUCACUCUGGGUCACUAUCCAU 
T L Q A P A F P T T V G V C H V P A H S P V T P A O I -T K T Y G G O I F C I G 1 1 9 P P C K P Q L S R P R S V S A G Y P P I L Q S L P P t S P R P W V A R S S A L A 124
5881 CCCACCUUGCAAMCCCWCOTUCCCGACCACCOTCGCUGUraGCUGGGUACCCKCAMrc• • • • • • • • • • • • C A I K
T L S P L I V K C P L E M H N P R V K O S I O Y L D S P K L L I S I T
Polymorphism
Single base substitutions were detected along the sequence. Indeed 43%, 27% and 3% of the sequence were determined on 2, 3 and 4 independent overlapping cDNA clones respectively, whereas only 27% were determined on a single cDNA clone. The variations (9 in total) are indicated in Figure 2 together with the amino acid changes that they induce in the coded protein(s). Polymorphism in our TYMV isolate can thus be (under)estimated to be 9/6318 = 0.1 %. In addition, divergence with the published sequence of the C.P. mRNA [12] was observed in 7 positions. One of these changes (A to G at nt 5899)
leads to an Ala in the present sequence versus Thr in the published sequence. It should be mentioned that the previously published nt sequence of the TYMV C.P. mRNA was in complete agreement with the results of direct amino acid sequencing [33] .
Amino acid composition and codon usage of the encoded proteins Tables 2 and 3 summarize respectively the amino acid composition and the codon usage for the four Table 2 : Amino acid composition of the TYMV-encoded proteins.
Amino acid For each ORF both number and percentage values of amino acids (one-letter code) are indicated on two parallel lanes. At the bottom are given the total number of amino acids, the size and the theoretical isoelectric point of each encoded protein.
ORFs of the TYMV genome, namely the 206K, C.P., 221 Krt peptide and 69K. A striking feature of the amino acid composition is the high percentage of Pro residues: 10.8%, 10.6%, 20.6% and 19.4% in the four polypeptides respectively. The percentage of Arg residues is higher in the 69K than in the other polypeptides and this may account for the very basic isoelectric point (11.5) calculated for this protein.
This feature may explain why it has escaped detection among the in vitro translation products of TYMV RNA when analyzed on standard SDS-gels [31] , as is the case of protamines [32] . The same isoelectric point is also calculated for the 221 Krt peptide which possesses a percentage of Arg similar to that of the 195K protein but a very low percentage of acidic residues (no Asp, 0.7% Glu).
The analysis of the codon usage in the 206K and C.P. ORFs reveals a very marked preference for codons having a C in the third position. This is consistent with a C-rich genome and distinguishes TYMV from other plant RNA viruses that often do not show such a systematic preference for a given nucleotide except for cowpea mosaic virus (CPMV) which has a very U-rich genome and is biased in favor of codons ending with U [34, 35] . The preference for codons ending with C is not as striking when considering the Codon usage in the TYMV-encoded proteins. These consensus sites are surrounded by larger domains where a certain degree of homology can be found with the alignments already described [41] [42] [43] [44] [45] for the corresponding regions in the non structural proteins encoded by the alfalfa mosaic virus (AIMV), the brome mosaic virus (BMV), the cucumber mosaic virus (CMV), the tobacco mosaic virus (TMV), the tobacco rattle virus (TRV), the Sindbis virus and the SFV.
These viruses share with TYMV the properties of having a capped, non polyadenylated positive strand RNA genome and producing subgenomic RNAs. They have been grouped in the so-called "Sindbis-like" supergroup of RNA viruses [40] . The alignments involving the 206K amino acid sequence are not presented here since their significance will most likely benefit from further comparisons with other members of the tymovirus group whose sequences are being determined (Gibbs et al. in preparation).
No significant alignments have as yet been detected between the TYMV-encoded 69K protein and other known viral proteins or any of the proteins from the NBRF data bank after a search performed with the FASTP program [28] . Several sequences gave significant scores and upon alignment correct percentages of homology but thegreat variety of their origin hindered any biological interpretation in terms of a possible function for the 69K protein.
DISCUSSION
The complete nt sequence of the type-member of the tymovirus group is presented here. The analysis and interpretation of this sequence confirms the original properties of TYMV that distinguish it from other plant RNA viruses. The high frequency of C residues (39.8%) was measured earlier with a value of 38% and is so far unique to the tymovirus group [30] . This percentage is somewhat lower in the non This compactness represents constraints in the possible variations of the genome since a nucleotide substitution in a region of overlap may affect two translation products. A certain level of polymorphism was in fact detected upon sequencing that currently affects the coding properties of at least one of the ORFs concerned (see Figure 2) . It is not known whether at each of these positions both variants detected have the same infectivity. Other groups have experienced that after cloning full length cDNA copies of viral genomes, non infectious transcripts were frequently obtained [48, 49] . The polymorphism due to the lack of proof-reading of the RNA polymerase involved in genome replication [50] may lead to the occurrence in a viral isolate of non infectious RNA molecules that are eliminated at the next generation. An as yet unexplained observation is the relative high frequency (4/8) of Thr <-> Ala substitutions generated by this polymorphism in the TYMV isolate. A Thr <-> Ala substitution is also the only difference detected between the present and the previously published amino acid sequence of the C.P. Interestingly, Ala is the amino acid present in the corresponding position in the C.P. of eggplant mosaic virus (another tymovirus) which presents 32% homology with the C.P. of TYMV [51] . Further comparisons of nt and amino acid sequences with other TYMV strains isolated in Australia (Gibbs et al., in preparation) should help in distinguishing conserved essential sequences from variable sequences or strain specific sequences.
The novel ORF encoding the 69K protein is unexpected. It increases the coding capacity of the genome although it is still unknown whether this ORF is indeed translated in vivo or in vitro; our statistical analysis (see Table 1 ) is in favor of its expression. In addition, the triplet initiating this ORF (position 88) is the 5'-proximal AUG on the genomic RNA. However, its context is less efficient than the one surrounding the AUG initiating the 206K ORF (position 95) according to the rules of Kozak [52] . A recent report has shown that the concept of good initiation context may be somewhat different in plant and in animal mRNAs [53] . The consensus sequence found upon compilation of plant initiation regions emphasizes the high frequency of the dinucleotide GC directly following the AUG codon. This consensus exists at the AUG codon initiating the 206K ORF but not at the AUG initiating the 69K ORF or at any of the internal AUGs of this reading frame. In addition the codon usage in the 69K ORF does not show the marked preference for triplets ending with C that is found in the 206K ORF and in the C.P. ORF (Table 3) Our previous in vitro translation experiments on TYMV RNA had shown that the 206K protein undergoes a post-translational cleavage to yield a 120K N-terminal and a 78K C-terminal polypeptide [7, 9] .
Determination of the exact cleavage site in the 206K polyprotein still requires N-terminal sequencing of the 78K polypeptide (in preparation). However it is already interesting to note that the nucleotide binding-and the polymerase-sites map within the N-terminal and the C-terminal polypeptides respectively. The 120K polypeptide is assumed to be part of the TYMV replicase on the basis of immunoprecipitation studies [57] .
Nevertheless it is still not understood why the 78K polypeptide that possesses the polymerase consensus sequence was not also detected in the active replicase preparations. The protein responsible for this proteolytic cleavage of the 206K protein is very likely virus-encoded [9] and it could be a Middleburg and Ross-River viruses) is translated into two overlapping proteins initiated at the same AUG, the longer being produced by the readthrough of the UGA termination codon of the shorter [59] . The shorter protein is the precursor for the non structural proteins nsp1, nsp2 and nsp3, and the longer protein is the precursor for the non structural proteins nsp1, nsp2, nsp3 and nsp4. It should be noted that the nucleotide binding-and the polymerase-consensus sequences are located in the nsp2 and nsp4 regions respectively, whereas the nsp3 protein is a candidate for the protease responsible for the cleavage of the polyprotein. The genomic RNA of SFV (and possibly of the O'Nyong-Nyong virus) on the other hand contains a very long ORF devoid of termination codons that encodes the 270K precursor for the nsp1, nsp2, nsp3 and nsp4 non structural proteins [60] . Two possible cleavage pathways lead to the presence in infected cells or during in vitro translation of cleavage intermediates composed of the nsp1-nsp2-nsp3, nsp1-nsp2 and nsp3-nsp4 precursors [61] .
As a putative member of the Sindbis-like supergroup, the organization and strategies of expression of the TYMV genome are to be compared to those of SFV rather than to those of the Sindbis virus.
Indeed, our recent observations indicate that the 150K protein that always accompanies the 206K protein upon in vitro translation of the genomic RNA [62] could be the result of proteolytic cleavage affecting the 206K protein during elongation. Thus the 206K protein would behave in an analogous way to that of the SFV-encoded 270K polyprotein, generating either the 150K protein (equivalent to the nsp1-nsp2-nsp3 precursor) or the 120K and 78K proteins (equivalent respectively to the nsp1-nsp2 and nsp3-nsp4 precursors). The position of the consensus active sites in both the TYMV-and SFV-encoded polyproteins are in good accordance with this comparison. The presence of both 120K and 150K proteins in infected plants has been reported [63] and suggests that these proteins do not undergo further processing unlike their SFV counterparts. The C-terminal fragment (presumably 45K) also resulting from cleavage of the 206K protein to yield the150K protein has so far not been detected. A similar inconvenience has been reported in the case of the SFV-encoded nsp4 and may be due to the instability of this polypeptide [61] .
This similarity in strategies of expression leads to the proposal that TYMV and SFV could become a plant-animal virus pair equivalent to the one formed between TMV and Sindbis virus, or between CPMV and poliovirus in the picorna-like supergroup .
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